As unmanned aerial vehicles (UAVs) rapidly evolve from remotely piloted vehicles (RPVs) to fully autonomous systems capable of performing aerial objectives and full missions without any assistance from a human operator, the need is emerging for a robust, economical, mission and flight control package which can be integrated to a variety of diversely capable airframes and platforms. At Cornell University, a flight control and mission guidance package has been rapidly developed to fulfill the requirements of operators wishing to adapt fixed-wing UAV and RPV platforms to an autonomous operational capability. Primary objectives for the project included low cost and versatility, in addition to the robustness and flexibility which allows the system to be easily and rapidly adapted to various airframes. The development package core consists of an embedded Crusoe i386 computer with PC 104 expansions, running Windows Embedded. Primary flight control operations rely on real-time feedback from solid-state attitude sensors, barometric airspeed and altitude sensors, and a digital magnetic compass. Navigation systems have been designed primarily to reference positioning information from the GPS satellite constellation. In addition, the flight and mission control package includes a real-time telemetry capability which may be adapted to operate on a number of suitable bandwidths. Telemetry allows operators to monitor the progress of preloaded missions while also providing the capability to update or alter mission parameters on the fly from a suitably configured ground-based interface. In addition to the computing and sensory elements, the core package includes appropriate power distribution for all on-board systems. The power supply is easily configured to allow for missions of varying duration, in addition to airframes with dissimilar power consumption or generation profiles. Primary system power is stored in the form of low-cost lithium polymer cells, and regulated through the package power supply. The development package has been designed to interface with servo-driven flight control surfaces, but flexibility allows for any number of interfaces which share compatibility with the system's multiple I/O capabilities. These interfaces include serial (RS-485/RS-422/RS-232), parallel, USB, and Ethernet, in addition to the PC 104 Plus bus. Driving constraints for the development of this flight and mission control package were maintaining a robust and flexible system, while also keeping the package cost-effective. By utilizing robust, off the shelf hardware and system programming environments where appropriate, this project has quickly evolved to a prototype stage without sacrificing either cost or functionality. As currently configured, the core flight and mission control package can be rapidly adapted to any fixed-wing airframe. Minimal reliance on specialized hardware during the design stage ensured that critical parameters-such as controller constants-remained functions of software, and can be rapidly adapted as the package is moved between airframes. With a nominal package mass of 3kg and a prototype development cost of around $4,000 USD, the package stands to be easily adapted to a wide variety of existing airframe sizes while leaving room for ample mission capabilities, in addition to meeting overall expectations for economy and flexibility.
INTRODUCTION
As with many advanced unmanned systems, technologies and capabilities for unmanned aerial vehicles (UAVs) were primarily developed to serve the defense sector. Increasingly, however, these systems are experiencing a rollover into commercial and academic research areas such as survey work and aerial biology investigations. This transition has encouraged operators to seek a highly capable but affordable means of incorporating unmanned system capability into their operations, which cannot practically support the high overhead required of most defense-oriented systems. Further, as UAVs rapidly evolve from remotely piloted vehicles (RPVs) to fully autonomous systems capable of performing aerial objectives and full missions without any assistance from a human operator, the need is emerging for a robust, economical, mission and flight control package which can be integrated to a variety of diversely capable airframes and platforms.
DESIGN OBJECTIVES
The goal of this project has been to construct an autonomous package that can easily be integrated into modest sized RPVs to transition them to fully autonomous flight. A specific case study was taken into account; the Cornell Entomology Department requires tedious sampling of bugs and pollen over large fields. This task is currently conducted using a fleet of modest sized RPVs and a crew of pilots. Autonomy would greatly aid the scientific process, and provide a greater set of options for accurate sampling. Design constraints were then laid out based on the transitioning of fixed wing RPVs to UAVs and the basic needs of the Entomology case study. Paramount among these constraints are:
Economy -To be practical and affordable enough for integration into all levels of commercial and research need, the cost of autonomous flight control system had to stay below $5,000.00 USD. This figure was based on benchmarking of currently available autopilot systems, and costs associated with guidance and telemetry of the entomology RPVs. These aircraft currently carry a telemetry package valued at around $6,000.00 USD which does not offer any flight control or advanced system control capability. Limited available resources also dictated a need to keep prototype system costs below this level Safety -An autonomous flight control system inherently removes human operator intervention from vehicle functionality. The capability of an aircraft of considerable mass, traveling at high velocity, to inflict damage to people or property is substantial. It was critical that the flight control system would include several modes of flight termination in case of emergency or flight control system failure.
Capability -Experience from the RPV pilots for the entomology department helped contribute to establishing a core list of capabilities which would be required of the UAV system. These included the ability to reliably operate over and around a series of pre-determined position waypoints, while maintaining altitude and airspeed. The ability to operate out to over-thehorizon ranges (10+ km) would also be beneficial for pending projects involving long range tracking of bird and insect populations. A further set of capability requirements was provided by the rules for the 1st Annual Student UAV competition, being sponsored by AUVSI and to be held in July, 2003. It was decided to design the UAV system to incorporate these capabilities, which include waypoint tracking and aerial reconnaissance tasks, in the event that the UAV was entered in the competition.
Reliability & Maintainability -This is directly related to system safety, and critical to functionality.
In order to offer a viable autonomous flight solution for any application, especially research applications where repeated data loss can setback a research program considerably, it was critical that the system be robust and capable of continuous functionality. Mission times of one hour with provisions for a thirty minute reserve, were established as the basis for operational capability of the prototype system. Previous experience with research data collecting was used to establish this constraint, which in turn helped with the design of a suitable power supply and distribution network.
Physical Constraints -The mass and physical dimensions of the flight control system had to be such that they were compatible not only with the prototype UAV, but also with a range of likely RPVs which were candidates for conversion to autonomous flight. Again the systems used by American Institute of Aeronautics and Astronautics the entomology department provided a benchmark, with mass and size constraints being established by typical research and telemetry payloads. A nominal package mass of 3kg was established based on this information. Physical size was not as critical, as it was assumed that dimension would be constrained by mass restrictions, but a maximum payload volume of 6000 cm3 was established based on the UAV prototype airframe and typical payload capacities for the entomology RPVs.
UAV SYSTEM OVERVIEW

Autonomous Navigation Package
The flight control and navigation package was designed to utilize readily available hardware, where practical, in an effort to simplify the design and manufacture of the system by reducing hardware-specific integration and fabrication tasks. The extensive use of off the shelf hardware paid dividends by dramatically reducing costs and system development time.
The flight control package can be best described as four hardware module subsystems which are integrated into the UAV to provide complete autonomous mission control capability. These 'modules' include:
• Central Processor Core • Attitude Reference and Control Activation • RF Telemetry and Positioning • Power Distribution Each peripheral subsystem communicates with the central processor over standardized serial links, using the RS-232 protocol, operating at 9600 baud. One exception is the wireless Ethernet link, where higher bandwidth requires a faster protocol, and so a universal serial bus (USB) connection is used to link with the central computer.
Central Processor Core
The heart of the flight control system is an embedded Crusoe i386 computer with PC 104 expansions. The PC 104 form factor is an embedded computing standard which is designed to operate in harsh environments on less stringent power provisions than would be required by a standard desktop PC. The by utilizing a Crusoe processor, the main computer also draws substantially less current and requires less power than typical CPU's, but still runs at 800 MHz, which puts it on a par with mid-range Pentium II class CPU's.
The system is supported by 256 MB of RAM, and runs a Windows-based operating system from a 20 GB portable hard disk. The central processor core also contains several interface cards which are used to interact with the other hardware modules. A Sensoray frame-grabber is used to capture images from analog video signals, a capability which is dictated by the UAV competition guidelines. Also used is a serial expansion board, which allows the central computer to communicate with sensory hardware modules using the RS-232 protocol. This expansion was necessary because the CPU is only fitted with two on-board Serial ports.
Finally, the central processor core includes an analog to digital (AD) capture card and converter. This card is used to gather signals from two analog pressure sensors. These sensors are critical to the flight control system, providing barometric measurements from which altitude can be computed using properties of the standard atmosphere, and airspeed can be calculated using a Pitot-Static tube arrangement. Figure 2 shows a schematic of the pitot-static tube assembly as employed on the UAV. A simple relationship allows computation of airspeed from the pressure differential measured by the pitot-static arrangement.
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Figure 2 Pitot-Static Tube Assembly
It is noted that the process of determining airspeed requires knowledge of both temperature and altitude (MSL) at the location where the UAV is operating. From these values and barometric measurements generated by the vehicle's on-board pressure sensors, altitude, free stream density, and then airspeed can be computed during subsequent flight operations.
Attitude Reference and Control Activation
Effective vehicle stability and control relies on a constant awareness of the vehicle's attitude relative to the ground. Essential parameters include pitch and roll angles, compass heading, and Pitch, roll and yaw rate values.
The attitude reference hardware subsystem provides accurate measurements of these vehicle parameters to the central processor. In addition, a serial servo controller (SSC) serves as the interface through which commanded control surface deflections are transmitted to the DC servomechanisms operating the flight surfaces. UAV control surfaces include ailerons with independent activation, elevators, rudder, flap and throttle controls. Figure 3 shows components associated with this hardware module.
In addition to the SSC, hardware in this subsystem includes a three-axis solid state gyro, containing three-axis accelerometers and rate gyros. This unit is complemented by a three-axis magnetometer. Together, the two instruments allow for very precise aircraft attitude measurement. A unique feature of this hardware subsystem is that cross-referencing the magnetometer with a database of global magnetic field distribution allows it to reinforce the attitude information reported by the gyro package in addition to measuring aircraft heading information. Both units are employed off the shelf, with some modification to allow communication to the CPU over the RS-232 protocol at 9600 baud. The solid state nature of all components improves system reliability by eliminating mechanical failure associated with mechanical gyros, and the cross-reference capability reduces navigational errors due to gyro drift. 
RF Telemetry and Positioning
This subsystem comprises hardware used by the UAV to communicate with off-board operators, on the ground and during mission performance, as well as the GPS receiver which is the UAV's primary position reference. Figure  4 illustrates the components associated.
A telemetry link is critical to system operation, as it allows operators to monitor and update mission parameters while the UAV is operating autonomously and at long range from the operations base.
Primary long range telemetry is enabled via a 9600 baud radio modem operating in the 900 MHz range. This frequency band is universally accessible, which raised some concerns over the effect of signal interference, but low hardware costs combined with amateur licensing which allows boosting of the signal radiating from the UAV helped to mediate the drawbacks. Substantial interference protection is also written into the communications protocol, all but assuring against the misinterpretation of the UAV of American Institute of Aeronautics and Astronautics errant radio signals. The telemetry package on the vehicle communicates with a similar unit set up at the operator's base station. The wireless link, in conjunction with a high-gain base station antenna give line of sight communications out to a range of about 20 km. For higher bandwidth communications when the aircraft is very nearby or on the ground, the RF communication package also includes an 80211.b 2.4 GHz wireless link, also accessible from the base station or any appropriately equipped personal computer.
Finally, the subsystem includes the Motorola GPS receiver and integrated serial communication package. This unit was chosen for two reasons: First, it was readily available, inexpensive, and matched the existing serial communication protocol. Secondly, the unit is capable of receiving DGPS corrections generated by a second receiver. The use of differential GPS allows a reduction in positional error on the order of 50-60%, resulting in a nominal radial positional error of less than 2 meters. While DGPS corrections are currently available over marine-band broadcast, it is impractical to install a secondary receiver on the UAV for this purpose alone. Instead, a second GPS receiver is integrated with the base station, and after fixing its location by averaging over a period of many hours, the base station can compute real-time DGPS corrections which are then broadcast to the UAV over the 900MHz telemetry link. This system allows for a high degree of positional accuracy without the associated bulk and cost of a marine-band DGPS receiver. In order for the flight control system to work reliably, it was necessary to design a power distribution infrastructure that could source the required voltages and current levels to the various subsystem components. In total, the system requires about 15 watts at 5 volts DC (VDC), about 2 watts at 12 VDC, plus a very low power -12 VDC reference source. Given the need for an operational capability on the order of 2 hours, this dictated a need for a battery source with approximately 40 watt*hours of capacity. Evaluating available battery sources, three candidates were identified:
• Lead-Acid sealed batteries (12VDC nominal)
• Lithium Polymer cells (3.7 VDC nominal per cell)
Nickel-Metal Hydride cells were finally chosen because they offered acceptable power density, without exceeding realistic cost limitations. Lead Acid cells were very cheap but very heavy, while the Lith-Poly cells posses extraordinary energy density but are exorbitantly expensive.
The Ni-MH packs were easily available and offered an excellent compromise. In total, the UAV uses 12 cells in series, each with 3.3 Ah capacity, providing the system with around 40 watt*hours of usable energy. Power is regulated through a series of DC-DC switching power converters, which take the nominal 14.4 VDC raw input voltage and distribute it at 5 and 12 VDC appropriately. The negative 12 volt reference source is also Page 6 of 10 American Institute of Aeronautics and Astronautics generated by a DC-DC converter, which pulls off of an auxiliary 9 volt battery and the system ground to generate the negative voltage. The reference voltage is only required by the AD converter card in the central processor core. Figure 5 shows components of the power distribution subsystem.
SOFTWARE SUITE
Rapid, successful development of the UAV system was contingent upon implementation of a capable and easy to use central software suite.
The aircraft and associated subsystems use Windows XP embedded, and Microsoft .Net technologies to develop a robust, expandable environment which easily supports the addition of new hardware modules.
The software has been developed in the Visual Studio.NET (TM) Environment. It is based on a simple Client/Server model that allows for simple monitoring and interaction with the autonomous code running onboard the aircraft. The aircraft runs Windows XP Embedded (TM), and loads the Server Software, dubbed Prometheus, as a windows service. By using Windows XP Embedded (TM), the extraneous processes and features are not loaded, and we are able to get away with a very small memory footprint, but still leverage the power of Windows XP (TM). All of the software is written in C#, an incredibly powerful language that takes the best features of C++ and Java and puts them into one environment. Talking to all of our devices has been a snap with the use of the Sax.Net Connected Framework, which made all of the serial communications as easy as drop and go. The clients are a testament to the Rapid Application Development (RAD) features of VS.Net and utilize the latest in User Interface controls. Clients are not limited to full laptop computers, using the Compact Framework and Microsoft Windows Pocket PC (TM) we have also developed clients for Pocket PCs that are capable of communicating with the server and controlling all actuators and reading back diagnostic data for pre-flight checks as well as remote monitoring. The software on the airplane, dubbed Prometheus, is written using an asynchronous multi-threaded model. This method was selected for its ability to simultaneously process multiple data streams, as well as its increased performance over a multi-process approach. The processes are able to communicate with each other through a global memory stack. This unified location for all vehicle variables provides not only an easy way for inter-process communication, but also an excellent method to monitor the vehicle's mission status and flight control routines. Each data gathering driver is written as a separate thread in order to achieve the fastest possible data input as allowed by the particular sensor. This model also allows for partial failsafe, if a particular driver fails, the lack of data input is recognized and the driver is restarted by the master program.
The master program is also responsible for logging all values of variables within the global memory stack. This stack is then managed for transmission back to awaiting clients and ground stations.
One of the key advantages offered by the use of Windows XP Embedded is that it can utilize any driver written for the full Windows XP. As a result we have been able to integrate our devices incredibly fast, and with the support of the device manufacturer. With six serial devices, we were able to leverage the power of Dot Net by simply dropping in the Sax.Net communications module and using regular expression matching to parse out the info from the varied data streams.
Data Processing
Substantial work was put into reprocessing the data for increased accuracy. We purchased a PCFlight Systems 3D Gyro System, a Motorola Oncore GPS and a 3 axis compass. The compass is used to account for gyro drift, as well as to act as a real time indicator of bearing that could be referenced to the earth datum. In order to handle off level the compass has a built in inclinometer. Due to the fact that the acceleration of an aircraft is always through the plane, the actual heading outputs from the compass are inaccurate, but using the 3D magnetometer readings, a true north heading is calculated. Furthermore, the inclinometer is used as feedback to the rudder in flight in order to keep the acceleration through the center of the plane. The compass algorithm if further complicated by the need to read true north, rather than magnetic north. We use an IGRF model, which is based on a mapping of global geomagnetic fields, and our current time/position in order to calculate the declination angle for our current position. We then take the gyro information in order to translate the three components of the magnetic field to be normal to the earth's planar surface. At this point we are able to calculate the plane's true bearing.
The PCFlight Gyro constantly corrects for Gyro drift on both the roll and pitch axis through the use of accelerometers, however the heading is allowed to drift a small amount (5 degrees over 2.5 hours). To correct this the compass's heading is used while in straight and narrow flight (to rule out the use of the gyro's input in calculating the compass's heading) and effectively mitigates the gyro drift in heading.
Flight Control
Flight control is handled using another thread, and updates the control surfaces at a fixed 10 Hz. Flight autonomy is provided through a series of ricochet PID loops, which interact differently based on the current state of flight. At a fundamental level the aircraft's inner loop controls are to hold a heading, to hold an altitude, and to hold a velocity. These inner loop set points are managed by a series of outer loop controls that are in charge of calculating the needed route between the current position and where the plane needs to go.
PID feedback control provides an exceptional controls solution for the vehicle flight autonomy. Basic fixed wing aircraft are linear systems, with basic interference. An Ideal PID algorithm is used for all PID loops in the aircraft control system.
Equation 1 Ideal PID Loop
To combat integral windup, a maximum rate of integration is defined for the individual PID loop. This alleviates the troubles caused by the maximum rate of turn or climbs for the aircraft so as not to needlessly windup the integral while making a steady climb to altitude etc.
Page 8 of 10 American Institute of Aeronautics and Astronautics Figure 7 shows a complete PID layout for the flight control system, however at any given time only a single route for the given control surface is active. For instance, on take-off the rudder is controlled by a fixed heading, the ailerons are held at a fixed zero degree roll, the throttle is fixed at maximum, and the elevator is set to climb to an altitude of 500 ft AGL.
Ground Station
As referenced earlier, the flight control package on-board the UAV is augmented by several modes of communication with resources based on the ground. To facilitate organizing all ground-based computing into a cohesive package, a single, portable CPU base station was developed. This base station is also based on a PC104 form factor CPU, which can be easily housed in a weatherproof housing and run from a portable power source for extended periods of time. The ground station contains a wireless link allowing it to communicate directly with the UAV at short ranges, as well as the 900 MHz radio modem link used to communicate at longer ranges. The ground station is also outfitted with a fixed GPS receiver, which can be used as noted earlier to compute differential corrections to local GPS signals and share them with the airborne package. The idea is to locate the base station in an area where the UAV will be operated, allowing the GPS to very accurately fix its coordinates thus improving navigational accuracy of the UAV. Figure 9 shows the components of the ground station system.
Figure 9 Ground Station
The ground station runs the same identical Prometheus Server software that is run on the aircraft.
The ground station software synchronizes its variable stack with the aircraft over wireless 900Mhz telemetry. Once the ground station has maintained synchronization with the aircraft, all of the ground based clients may access the ground station and use it as a portal to the aircraft controls. This layout is very efficient as it does not require any additional coding (uses the same code base) and handles all of the communication to the actual aircraft through a single compressed connection.
Hermes Clients
In order to monitor the actions of the aircraft, as well as to change its mission profile and configuration parameters, a client application had to be custom developed. This client application communicates with the Prometheus software (whether through the ground station or straight into the airplane) via a custom UDP protocol. Using Visual Studio.Net and the Syncfusion and DevComponents user interface libraries, we created a stunning user interface that is very easy to operate and program.
The client is very simple in that at its rudimentary level all it does is monitor the network copy version of the global memory stack on the airplane. This data is then processed locally and presented in such a manner to make tuning of the PIDs and monitoring of the vehicle's progress much easier. This tool is essential to the rapid integration of the autonomous package in allowing a very quick method for tuning the individual flight loops. 
PROTOTYPE VEHICLE
For in flight testing it was necessary to develop a suitable test bed airframe. The vehicle chosen was one which offered the benefits of generous cargo volume for the flight control payload, generous wing area to improve handling at higher than average takeoff weights, and near neutral stability which would make control algorithms easier to tune. The selected airframe is a converted radio-control, high-wing monoplane, based on the full scale Citabria airframe. The vehicle has a wingspan of 2.43 meters, and a wing area of 99.1 dm 2 . Because it would be operating at higher than normal weights, the aircraft was modified with slotted flaps to improve low-speed handling and lift characteristics. These were built into the vehicle in place of the original wings, which were fitted only with ailerons. Figure 11 illustrates the modification of the wing panels.
The power plant for the UAV was selected based on the need for extremely high reliability. The engine used is manufactured by 3W, and displaces 35 cubic centimeters. It is a single-cylinder, two stroke gasoline fueled design, which uses independent fully electronic ignition.
Figure 11 Slotted Flap Modification
The engine produces around four horsepower, swinging a 20 inch diameter propeller at 6700 RPM. Fuel economy was also a design constraint, but firmly second to the reliability issue. If the engine could not run with complete reliability for 2 hours, it made little difference whether the UAV could support the fuel load. As it turns out, the 35cc engine burns on the order of 1.4 ounces of fuel per minute at full throttle, and significantly less at reduced power settings. A fuel capacity of 74 ounces (2.81 liters) was built into the vehicle, allowing for an hour of endurance plus reserves at cruise power settings. Figure 12 shows the engine installation.
Figure 12 Engine Installation
The prototype aircraft is equipped with a manual, or traditional remote control, flight control system to facilitate takeoff and landing, in addition to contributing an element of safety. In the event of a serious malfunction of the aircraft systems, a human operator can attempt to regain control of the UAV by switching into manual mode. An electrical relay bank operated by an auxiliary radio control channel switches Page 10 of 10 American Institute of Aeronautics and Astronautics the UAV between manual piloting and computer guidance. A secondary safety feature, dictated by the Student UAV Competition and prudent from an engineering perspective, is designed to put the vehicle into a pre-programmed fail-safe condition should it fly beyond the range of operator intervention. In the event of telemetry failure or a run away vehicle, the loss of RF signal causes the aircraft to assume a predetermined, possibly self-destructive flight condition.
The flight control package was installed in the aircraft using a variety of mechanical isolation techniques in order to isolate sensitive components from engine vibration, as shown in Figures 13 , while maintaining proper aircraft CG location.
Figure 13 Flight Control System Installation
CONCLUSIONS
This project has demonstrated the feasibility of assembling a package suitable for use in the conversion of RPVs to fully autonomous flight capabilities, or as the base for development of a new, inexpensive UAV system for use in commercial or academic research applications. The highly economical nature of the UAV developed for this project is a testament to the capabilities that can be derived even from a system using available hardware. With a prototype package cost of around $4,000 USD (less airframe), this system is certainly an option for upgrading the entomology RPV fleet, and accessible to operators of all sizes who cannot justify spending on a par with the defense industry.
While further flight testing is needed to fully validate some of the mission capabilities of the UAV system, bench tests and flight testing have already demonstrated that the flight control package/airframe combination is capable and highly reliable. It is hoped that the project can be entered in the 1 st annual Student UAV competition this summer. The primary goals of the design process which guided this project, however, have been fulfilled, and the result is a UAV system with the potential to offer a lowcost alternative to RPV operators seeking to upgrade to a fully autonomous capacity.
